Featured Application: The presented active control system aims to suppress the swing vibrations of suspended structures, e.g., a crane ship hook and suspension bridge deck; bending vibrations of super tall structures and towers; three rotary motions of offshore platforms or ships; and any dynamic system with rotational or rotary vibration or motion components.
Introduction
In traditional disaster prevention design, various disaster effects are usually considered separately. The overall demand for structures facing various disasters is almost neglected. Multiple hazards, such as earthquakes, wind, impacts, and explosions, impose enormous technical challenges to structures. In general, multi-type hazard structural prevention design mainly considers two typical forms: structures facing different hazards at the same time or in a time sequence, and structures facing one of the various disasters. In most cases, only the earthquake disaster is considered when structural preventions are designed [1, 2] .
On the other hand, the pendular motion of the suspended structure is a typical and common form of motion. It mainly includes three basic motion modes, according to the relationship between the lifting point and the moving direction of the structures: the swing motion mode, the sway motion mode, and the swing and sway coupling motion mode [3] . Based on many practical applications and studies, the observation result shows that traditional vibration control devices such as the tuned mass damper (TMD) [4] [5] [6] [7] [8] [9] [10] [11] , tuned liquid damper (TLD) [12, 13] , particle damper (PD) [14] , pounding tuned mass damper (PTMD) [15] [16] [17] , and frictional tuned mass damper [18, 19] , are reliable and efficient for civil engineering structures. Active Mass Dampers (AMD) [20] [21] [22] [23] [24] [25] [26] [27] have been widely studied in civil engineering for their superior effectiveness and larger spectral bandwidth [28] [29] [30] [31] [32] . There are many kinds of active [33] [34] [35] [36] and semi-active [37] control devices for structural vibration control. However, these traditional devices are almost ineffective in the swing motion mode vibration control of suspended structures. Some researchers have conducted studies on solving the problems of pendulum motion control [38, 39] . They propose an adaptive output-based command shaping (AOCS) technique [40] , innovative controllers, nonlinear control algorithms, and control schemes [41] [42] [43] for the vibrations of cranes, but the control technologies that reduce the vibrations rely on the movement of the hanging points. However, the hanging points of many suspended structures are fixed, such as those of ship cranes. Therefore, it is meaningful to design a new control device for the swing motion of suspended structures.
For the swing vibration control of suspended structures, a kind of control device called the Tuned Rotary Inertia Damper (TRID) system was proposed in previous research. In this system, mass with rotary inertia is attached to the suspended structure and the torsional spring element embedded with a damping mechanism is installed between the inertia mass and the structure. The effectiveness of the TRID system for swing vibration control was verified by theoretical analyses and experiments. However, the TRID system has some defects, such as the structure swing angle, which is too small to start the TRID system normally. The TRID miniaturization device has a severe time-lag effect. The TRID system also has a limited robustness, so it has a limited control effect.
In previous studies, the performance of control systems under common single conditions has been verified based on experiments. The influence of external loads on the structural performance is ignored due to all of the attention being placed on the system configuration, thus the performance of the control system cannot be thoroughly evaluated. For example, the TRID system exerts a good control effect under specific frequency sinusoidal excitation. However, the control effects under multiple frequency excitations, such as earthquake excitation and sea wave excitation, have not been systematically studied.
Based on the TRID system, the Active Rotary Inertia Driver (ARID) system was proposed. The mathematical model of the ARID system was derived [44] . The system performance under the multi-hazard condition is comprehensively studied by numerical analyses and shaking table experiments in this paper. Furthermore, the performance of the ARID system under multi-type hazards is studied by considering five different external loads. The ARID system is effective and feasible in structural swing vibration control and it has a better control robustness than the TRID system. The feasibility of the ARID system application in multi-type hazard vibration control is proved in the primary mechanism.
Mathematical Modeling
The TRID system proposed before mainly consists of a torsional spring element and rotary inertia. Compared with the TRID system, the ARID system consists of an active driver and a rotary inertia. The simplified analytical models of the suspended structure with the ARID/TRID system are developed in order to investigate the dynamic characteristics of the ARID system, which are shown in Figure 1 . The model consists of two degrees of freedom used as generalized coordinators, which are the structural pendular angle θ and relative rotation angle of the rotary inertia with respect to the ground base φ. The suspended structure has the swing length l, suspended particle mass m, and damping coefficient c. The control system rotary inertia mass is m a and the rotary inertia is J a . The acceleration at the suspended structure lifting point is a x0 (t). The rotational stiffness coefficient of the ARID system is k a . The damping coefficient is c a . The output torque of the ARID system is M a (t). The motion equations [44] of the structure with the ARID system model are deduced based on the Lagrangian difference method as
where J a = m a r 2 , c = 2 m + m a l 2 ω m ξ, ω m = g/l, c a = 2m a r 2 ω a ξ a , and ω a = k a /J a are the required parameters. r is the radius of the mass inertia, ξ is the structural damping ratio, and ξ a is the ARID damping ratio. Generally, the damping force and torsion resistance of the ARID system are very small compared with the control forces, which can be neglected (c a and k a are 0) [44] .
ARID damping ratio. Generally, the damping force and torsion resistance of the ARID system are very small compared with the control forces, which can be neglected (ca and ka are 0) [44] . Equation (2) gives the damping force, torsion resistance, and output active control force of the ARID system. The motion equations of the system are linearized. Furthermore, the classical Linear Quadratic Regulator (LQR) algorithm is used in the system and the gain matrices A can be obtained [44] . The state vector is ( ) = ( ( ), ( ), ( ), ( )) , and the active torque Ma(t) is given as
The rotational stiffness coefficient of the TRID system is kt. The damping coefficient is ct. Compared with the ARID system, the TRID system cannot output the active control torque. However, the TRID system is a kind of passive control system, and it needs frequency modulation according to the structure. The motion equations of the structure with the TRID system model are deduced based on the Lagrangian difference method as
, and ξt is the TRID damping ratio. For the TRID system, the key parameters and of the torsional spring have a great influence on the control effectiveness. Equation (2) gives the damping force, torsion resistance, and output active control force of the ARID system. The motion equations of the system are linearized. Furthermore, the classical Linear Quadratic Regulator (LQR) algorithm is used in the system and the gain matrices A can be obtained [44] .
Sensitivity Analysis of the TRID/ARID System

Parameter Identification
The state vector is
, and the active torque M a (t) is given as
The rotational stiffness coefficient of the TRID system is k t . The damping coefficient is c t . Compared with the ARID system, the TRID system cannot output the active control torque. However, the TRID system is a kind of passive control system, and it needs frequency modulation according to the structure. The motion equations of the structure with the TRID system model are deduced based on the Lagrangian difference method as
where c t = 2m a r 2 ω t ξ t , k t = ω t 2 J a , and ξ t is the TRID damping ratio. For the TRID system, the key parameters c t and k t of the torsional spring have a great influence on the control effectiveness.
Sensitivity Analysis of the TRID/ARID System
Parameter Identification
There are two parameters reflecting the control effectiveness, defined as
where s is the root mean square, s = 1
, θ is the angle mean, θ = 1 n n i=1 θ i , and θ i is the angle of i moment. θ 1 is the swing angle without control and θ 2 is the swing angle with control. s 1 is the root mean square without control and s 2 is the root mean square with the TRID or ARID control. The Peak reflects the control effect of the TRID or ARID system on the peak swing angle. The RMS reflects the control effect of the TRID or ARID system on swing angle dispersion.
Control Effectiveness under Different Excitation Frequencies
The numerical analysis models were established using Simulink, according to the motion equations of the TRID and ARID systems. A series of numerical analyses were carried out. The dynamic characteristics of the TRID and ARID systems were compared, according to the numerical analyses results.
Different sinusoidal excitation frequencies were applied to the suspended structures with the TRID and ARID systems. The numerical analyses parameters of the systems are shown in Table 1 . ω is defined as the excitation frequency. The structural natural frequency can be obtained by ω m = g/l. λ is defined as λ = ω/ω m . Furthermore, the Peak and RMS of structures under different excitation frequencies were calculated to analyze the control effectiveness of the control systems. Table 1 . Parameter configuration for the numerical analyses.
Parameters Value
Structural length (l)/(m) 0. As shown in Figure 2 , the control effectiveness of the TRID systems with different frequency modulation ratios were compared with the ARID system. The frequency modulation ratio γ is defined as γ = ω t /ω m , where ω t is the frequency of the TRID system. The frequency modulation ratio of TRID1, TRID2, . . . , TRID8 is 0.2, 0.4, . . . , 1.6, respectively. The structural parameters and the rotary inertia of the TRID and ARID systems are the same. It can be concluded from Figure 2 that the ARID system has a better control effectiveness than the TRID system under different excitation frequencies. Furthermore, the ARID system is less sensitive to the excitation frequency and has a better control robustness compared with the TRID system. The control effectiveness of the TRID system with different frequency modulation ratios are also analyzed in this part. J is the rotary inertia of the TRID system. As shown in Figure 3 , the rotary inertia gets bigger from J1 to J5. It can be seen that the TRID system has a better control effectiveness when the frequency modulation ratio γ is close to 1. The control effectiveness gets better as the rotary inertia gets bigger. Furthermore, the control effectiveness is sensitive to the frequency modulation ratio γ. When γ is changed from 1, the control effectiveness gets much worse. The control robustness of the TRID system is greatly affected by the frequency modulation ratio γ. 
Experimental Design
Experimental System Configuration
A shaking table experimental system is developed based on a simplified analytical model. The control system is designed as a closed-loop control system. It can adjust the output of the control torque in time, according to the real-time response of the structural swing angle [44] . The shaking table is used to apply excitations to the structure. The data acquisition device, the actuator, and the corresponding controller are also needed, according to the closed-loop control concept. The experimental system was designed as shown in Figure 4a ,b. The structural response was the swing angle. The encoder was chosen as the data acquisition device to collect the swing angle. The suspended structure was installed with the encoder shaft. The ARID system analytical model is shown in Figure 4c . The motor with a round wheel was chosen as the actuator. The motor can drive the rotation of the rotary inertia as the response to apply control torque to the structure. The computer and amplifier were chosen as the digital controller. They can control the rotating motor mode. TRID1  TRID2  TRID3  TRID4  TRID5  TRID6  TRID7  TRID8 TRID1  TRID2  TRID3  TRID4  TRID5  TRID6  TRID7  TRID8 The control effectiveness of the TRID system with different frequency modulation ratios are also analyzed in this part. J is the rotary inertia of the TRID system. As shown in Figure 3 , the rotary inertia gets bigger from J 1 to J 5 . It can be seen that the TRID system has a better control effectiveness when the frequency modulation ratio γ is close to 1. The control effectiveness gets better as the rotary inertia gets bigger. Furthermore, the control effectiveness is sensitive to the frequency modulation ratio γ. When γ is changed from 1, the control effectiveness gets much worse. The control robustness of the TRID system is greatly affected by the frequency modulation ratio γ. The control effectiveness of the TRID system with different frequency modulation ratios are also analyzed in this part. J is the rotary inertia of the TRID system. As shown in Figure 3 , the rotary inertia gets bigger from J1 to J5. It can be seen that the TRID system has a better control effectiveness when the frequency modulation ratio γ is close to 1. The control effectiveness gets better as the rotary inertia gets bigger. Furthermore, the control effectiveness is sensitive to the frequency modulation ratio γ. When γ is changed from 1, the control effectiveness gets much worse. The control robustness of the TRID system is greatly affected by the frequency modulation ratio γ. 
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A shaking table experimental system is developed based on a simplified analytical model. The control system is designed as a closed-loop control system. It can adjust the output of the control torque in time, according to the real-time response of the structural swing angle [44] . The shaking table is used to apply excitations to the structure. The data acquisition device, the actuator, and the corresponding controller are also needed, according to the closed-loop control concept.
The experimental system was designed as shown in Figure 4a ,b. The structural response was the swing angle. The encoder was chosen as the data acquisition device to collect the swing angle. The suspended structure was installed with the encoder shaft. The ARID system analytical model is shown in Figure 4c . The motor with a round wheel was chosen as the actuator. The motor can drive the rotation of the rotary inertia as the response to apply control torque to the structure. The computer and amplifier were chosen as the digital controller. They can control the rotating motor mode. 
Experimental Setup
The experimental system was developed as shown in Figure 5 . The shaking table was the Quanser single-axis shaking table II. The actuator was the Maxon DC motor with a planetary gearbox. The data acquisition devices were the US Digital encoder and Maxon encoder, employed to collect the swing angle and motor rotation angle. The sampling resolutions of the encoder were 0.0879° and 0.18°, respectively. The parameters of the experimental setup are shown in Table 2 .
The natural structural frequency was close to 0.64 Hz, according to the equation ω = / .
The rotary inertia was calculated by the software. The total mass of the ARID system was about 815 g. The suspended structural steel bracket was fixed on the shaking table and the bracket stiffness was regarded as infinity, and the excitation at the lifting point can be equivalently regarded as the shaking table excitation. The experimental control model was designed by Simulink. It was compiled and run by the Quanser software. 
The experimental system was developed as shown in Figure 5 . The shaking table was the Quanser single-axis shaking table II. The actuator was the Maxon DC motor with a planetary gearbox. The data acquisition devices were the US Digital encoder and Maxon encoder, employed to collect the swing angle and motor rotation angle. The sampling resolutions of the encoder were 0.0879 • and 0.18 • , respectively. The parameters of the experimental setup are shown in Table 2 . 
Control Effectiveness under Multi-Type Hazard Excitation
In this section, five kinds of working conditions for the TRID and ARID systems are presented to investigate the dynamic characteristics and control robustness. A series of numerical analyses and experiments were carried out. The numerical analysis models were established using Simulink. The experimental investigations of the ARID system were carried out using the shaking table and small- The natural structural frequency was close to 0.64 Hz, according to the equation ω m = g/l. The rotary inertia was calculated by the software. The total mass of the ARID system was about 815 g. The suspended structural steel bracket was fixed on the shaking table and the bracket stiffness was regarded as infinity, and the excitation at the lifting point can be equivalently regarded as the shaking table excitation. The experimental control model was designed by Simulink. It was compiled and run by the Quanser software.
In this section, five kinds of working conditions for the TRID and ARID systems are presented to investigate the dynamic characteristics and control robustness. A series of numerical analyses and experiments were carried out. The numerical analysis models were established using Simulink. The experimental investigations of the ARID system were carried out using the shaking table and small-scale structures. The five kinds of working conditions were free vibration, forced vibration, sweep excitation, earthquake excitation, and sea wave excitation, respectively. They were designed to simulate the working conditions of the control systems under multi-type hazard loads and investigate the robustness of the control systems.
Free Vibration
In the first 15 s, the ARID system was not working. The resonance harmonic sinusoidal load was applied to the suspended structure. After 15 s, the structure started to swing freely and the ARID system started to work. The total sampling time was 40 s. Numerical analyses and experiments of the structure with the ARID system were carried out [44] . The numerical results of the structure with the ARID/TRID system are shown in Figure 6 . 
Forced Vibration
The total sampling time was 80 s. The sinusoidal load was applied to the suspended structure. The load amplitude was 20 mm and the frequency was 0.65 Hz (close to the natural structural frequency pf 0.64 Hz). Numerical analyses and experiments of the structure with the ARID system were carried out [44] . The numerical results of the structure with the ARID/TRID system are shown in Figure 7 . 
The total sampling time was 80 s. The sinusoidal load was applied to the suspended structure. The load amplitude was 20 mm and the frequency was 0.65 Hz (close to the natural structural frequency pf 0.64 Hz). Numerical analyses and experiments of the structure with the ARID system were carried out [44] . The numerical results of the structure with the ARID/TRID system are shown in Figure 7 .
Sweep Excitation
In this condition, the total sample time was 110 s. The sweep load was applied to the suspended structure. The load amplitude was 10 mm, the initial frequency was 0.4 Hz, and the ending frequency was 1.5 Hz. The numerical results of the structure with the ARID/TRID system are shown in Figure  8 . The numerical and experimental results of the structure with the ARID system are shown in Figure  9 . 
In this condition, the total sample time was 110 s. The sweep load was applied to the suspended structure. The load amplitude was 10 mm, the initial frequency was 0.4 Hz, and the ending frequency was 1.5 Hz. The numerical results of the structure with the ARID/TRID system are shown in Figure 8 . The numerical and experimental results of the structure with the ARID system are shown in Figure 9 .
Earthquake Excitation
In this condition, the total sample time was 25 s. The El Centro earthquake acceleration time history was processed and applied to the suspended structure. The numerical results of the structure with the ARID/TRID system are shown in Figure 10 . The numerical and experimental results of the structure with the ARID system are shown in Figure 11 . 
Sea Wave Excitation
In this condition, the total sample time was 80 s. The white Gaussian noise was used as the sea wave acceleration [45, 46] in this study. The acceleration time history was processed and applied to the suspended structure. The numerical results of the structure with the ARID/TRID system are shown in Figure 12 . The numerical and experimental results of the structure with the ARID system are shown in Figure 13 .
In this condition, the total sample time was 80 s. The white Gaussian noise was used as the sea wave acceleration [45, 46] in this study. The acceleration time history was processed and applied to the suspended structure. The numerical results of the structure with the ARID/TRID system are shown in Figure 12 . The numerical and experimental results of the structure with the ARID system are shown in Figure 13 . 
Control Effectiveness Analysis
According to the numerical results of the structure with the TRID/ARID system, the control 
According to the numerical results of the structure with the TRID/ARID system, the control effectiveness is shown in Table 3 . As shown in the swing angle time history, the structures with the ARID system have a smaller peak angle and a more stable response. It can also be seen in Table 3 that the control effectiveness of the ARID system is better in all cases. The ARID system shows a better robustness than the TRID system. The control effectiveness analysis results of the five conditions [44] are shown in Table 4 . As can be seen from the experimental and numerical results, it can be concluded that there is a very good agreement between the experimental and numerical results. The ARID system delivers a better control performance. In the free vibration condition, the swing angle decreases very quickly. The swing angle response of the structures is totally controlled. The control effectiveness is apparent. In the forced vibration condition, the ARID system controls the swing angle within a small range and remains stable. The ARID system can absorb energy to reduce the influences of excitations on the structures. In the sweep excitation condition, the swing angle is also controlled within a small range. Furthermore, the swing angle exhibits a slight change as the excitation frequency changes. The structural response is stable. The ARID system can deliver a superior control performance in the whole frequency range. In the earthquake and sea wave excitation conditions, the swing angle is also controlled within a small range and the structural response is stable. When the excitation frequency changes rapidly, the swing angle may change rapidly, but the change is tiny compared with that of the structure without control. The ARID system acts as a filter and consumes excitation energy to reduce the structural response.
The control performance of the ARID system is excellent. It can significantly reduce the maximum swing angle of the suspended structure. The experimental results show that it can reduce more than 90% of the swing angle response in most working conditions. Furthermore, the swing angle can be controlled within a very small range and it can satisfy most of the structural stability demand. It can be concluded that the ARID system has a better robustness.
Conclusions
The robustness of the innovative active control system for swing vibration control, namely the Active Rotary Inertia Driver (ARID) system, has been investigated in this study. In order to further verify the characteristics of the ARID system, numerical analyses and experimental investigations of five working conditions (free vibration, forced vibration, sweep excitation, earthquake excitation, and sea wave excitation) were carried out. The numerical analyses and experimental results of the ARID system, and numerical results of the TRID system, were compared to demonstrate the effectiveness and robustness of the proposed ARID system. According to experimental and numerical results, the following conclusions can be drawn:
1. The ARID system is effective and feasible in structural swing vibration control and it exhibits a better control robustness than the TRID system; 2. The feasibility of the ARID system for multi-type hazard excitation-induced structural vibration control has been successfully demonstrated;
3. The closed-loop active control of the ARID system is effective. The ARID system is less sensitive to different external excitations and can deliver a superior control performance.
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